INTRODUCTION
Inflammatory monocytes (FIM) play an important role in a wide range of immune-mediated diseases, including autoimmune disorders, immunopathological viral infections, and ischemia-reperfusion injury (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In both humans and mice, FIM express chemokine receptor 2 (CCR2), the chemokine ligand 2 (CCL2) receptor principally responsible for their recruitment to inflammatory sites (12) (13) (14) . CCR2 + monocyte-derived macrophages accumulate and participate in the immune pathology observed in a number of diseases including human rheumatoid arthritis, HIV encephalitis, chronic liver disease, amyotrophic lateral sclerosis, atherosclerosis, and cardiac infarction (8, 12, (14) (15) (16) . Upon entry into inflamed tissues, FIM differentiate into tissue macrophages or dendritic cells (DCs) that may secrete numerous proinflammatory cytokines, proteases, and other mediators including nitric oxide, culminating in tissue damage, scarring, and even death (2, 4-6, 10, 11, 17) . To date, there is no safe or effective therapy for specifically targeting FIM, with physicians relying on broad-acting steroids, nonsteroidal anti-inflammatory agents, or antibodies that briefly neutralize components of the FIM response. Experimentally, CCR2 small interfering RNAs (siRNAs) delivered in liposomes can reduce FIM trafficking in mouse models of atherosclerosis (18) . However, siRNA technology has proven highly complex, with multiple targeting and toxicity issues culminating in the termination of several therapeutic siRNA programs (19) . In addition, a number of CCL2 antagonists and antibodies have also been tested with mixed results (20) . Mixed outcomes are likely the result of ubiquitous CCR2 expression by B cells, T cells, and numerous human monocyte subsets including myeloid suppressor cells (21, 22) . Together, these findings highlight the need for safer and more targeted therapies capable of modulating monocytes.
The therapeutic accessibility of FIM in the bloodstream, their inherent propensity to engulf particulate material, and our experience from cell trafficking experimentation (2) suggested that microparticlebased therapeutics might provide a readily translatable solution. To date, most micromedical approaches have focused on imaging as well as drug delivery and targeting, with an emphasis on developing methods to avoid immune-mediated clearance (23) . Little investigation into how microparticle biophysical surface properties may be harnessed for therapeutic use has been conducted. Here, we show that highly negatively charged immune-modifying microparticles (IMPs) bind to circulating FIM via a scavenger receptor, the macrophage receptor with a collagenous structure (MARCO). This results in the induction of apoptosis and sequestration of FIM in the spleen, culminating in reduced immune pathology at peripheral sites of inflammation. Finally, IMPs derived from poly(lactic-co-glycolic acid) (PLGA-IMP) show excellent efficacy. Given that PLGA-IMP is a commonly used biodegradable clinical polymer, IMPs composed of this polymer may be a new tool for inhibiting FIM in numerous inflammatory disease indications.
RESULTS
IMPs reduce inflammatory monocyte immigration and increase survival in a mouse model of West Nile virus encephalitis Previously, we have shown that morbidity associated with West Nile virus (WNV) brain infection is the direct result of FIM trafficking into the brain (2, 11, 24) . In this model, weight loss of ≥5% is a biomarker that correlates with FIM trafficking into the central nervous system (CNS) and subsequent lethality (2, 11) . At least 50% of infected animals will lose ≥5% weight, and of these, 100% will succumb to infection within 72 hours of initial weight loss. Animals that do not lose weight do not show any other symptoms of encephalitis but will develop lifelong sterilizing immunity (Fig. 1A) . To monitor monocyte trafficking instead of infusing neutral polystyrene microparticles (PS-NPs) at initial weight loss (day 6), we unintentionally used 500-nm-diameter, negatively charged, carboxylated polystyrene particles (PS-IMPs). Surprisingly, PS-IMP infusion almost immediately reduced symptoms such as ruffled fur, malaise, and seizures, uniformly associated with clinical WNV infection of the CNS (24) . This reduction correlated with a reduction in CNS and systemic proinflammatory cytokines and chemokines ( fig. S1 ). Furthermore, daily infusion of PS-IMPs for up to 5 days resulted in 60% survival of mice that would otherwise have succumbed to infection (Fig. 1A) . In these mice, body weight typically stabilized and returned to control levels within 5 to 6 days. PS-NP-or vehicle-treated mice showed continued weight loss, with ≤10% survival. Rechallenge with a lethal virus dose, 30 days after recovery, indicated that survivors had developed sterilizing immunity. Consistent with our previous observations (2, 11, 24) , survival correlated with a significant reduction in FIM-derived macrophages (SSC ) in the brains of PS-IMP-treated mice (P < 0.001) compared to phosphate-buffered saline (PBS; vehicle)-or PS-NP-treated control animals (Fig. 1B) .
IMPs must be negatively charged
To determine the critical physical characteristics of IMPs for mediating this protective effect, we infused 500-nm carboxylated microdiamond IMPs (ND-IMPs) or carboxylated poly(lacticco-glycolic acid) IMPs (PLGA-IMPs) (table S1) using the same administration criteria as for PS-IMPs. Survival statistics for PLGA-IMPs were similar to those seen in animals treated with PS-IMPs (Fig. 1C ), indicating that the particle core is independent of the property responsible for the therapeutic effect of IMPs. Because opsonization is purported to be a potential mechanism by which circulating microparticles are cleared (23), we determined the plasma proteins that bind to PS-IMPs by mass spectrometry. Of the 114 proteins found to associate with IMPs, 96 were from the normal plasma proteome, including opsonins known to enhance particle uptake, such as complement and vitronectin (25) (26) (27) (table  S2) . However, other studies have shown that uptake of negative particles, like IMPs, may occur in an opsonin-independent fashion (28, 29) . Incubating particles with mouse plasma to preopsonize IMPs reduced the therapeutic efficacy, compared to non-opsonized particles in WNV-infected animals, which tended toward significance (P = 0.06) (Fig. 1D) .
Initial pilot studies used non-opsonized IMPs with a z potential of less than −50 mV (table S1) . We compared PS microparticles with z potentials of −50 mV,~−0.5 [neutral; polystyrene neutral particles (PS-NPs)], or +40 mV [aminated particles; polystyrene-positive particles (PS-PPs)]. PS-IMPs (−50 mV) caused the greatest reduction in FIM trafficking to the brain (Fig. 1E) . In contrast, PS-PPs did not decrease infiltration of inflammatory monocyte-derived macrophages (Fig. 1E ), nor did they increase survival (Fig. 1F) . Furthermore, IMPs coated with mouse plasma had a reduced negative charge, with the z potential changing from −50 mV (non-opsonized IMPs) to −16 mV (opsonized IMPs), correlating with reduced therapeutic efficacy (Fig. 1D) . Together, the data suggest that negative charge plays a role in IMP therapeutic efficacy. The dose response for 500-nm-diameter PS-IMPs in mice with WNV encephalitis showed the most effective dose to be~4 × 10 9 IMP particles or 0.355 mg of particles per mouse (Fig. 1, G and H) . The finding that doses higher than 0.355 mg have no added advantage suggests that potential saturation occurs at this dose. In the context of a potential human equivalent dose, using a body surface area equation [as defined in (30) ], this represents a dose of 1.4 mg/kg or~107 mg per 75-kg patient.
IMP treatment results in reduced FIM in the brain and increased FIM in the spleen After infusion, fluorescein isothiocyanate (FITC)-labeled PS-IMPs (FITC-PS-IMPs) were predominantly localized with Ly6C hi monocytes and disappeared from the blood within 24 hours ( fig. S2, A and B) . In the context of organ distribution, FITC-labeled PS-IMPs predominantly localized to the lungs, spleen, and liver ( Fig. 2A) , with no FITC + particles in the brain ( fig. S2, C and D) . In the spleen, PLGA-IMPs were almost undetectable by fluorescence histology 1 hour after infusion (Fig. 2B) (Fig. 2C ). However, IMP + Ly6C + FIM were between two-and fourfold increased in numbers relative to any other population in WNV-infected mice, suggesting that these cells are the primary target of IMPs ( Fig. 2C ; P < 0.05). Furthermore, spleens from infected mice treated with FITC-PS-IMPs had significantly more Ly6C hi FIM than did those treated with PS-NPs or vehicle control (Fig. 2 , C to F; P < 0.001), closely corresponding to a decrease in circulating FIM in the peripheral blood in these mice (Fig. 2G ). As we have previously shown that morbidity in WNV encephalitis is caused by FIM (2, 11), we hypothesized that IMPs mediate their therapeutic activity by binding to FIM, abrogating their migration to the inflamed brain, and instead diverting them to the spleen. To confirm this, we sorted Ly6C hi FIM from the bone marrow of WNV-infected mice on day 6 after infection, labeled them with membrane-inserting dye (PKH26), and transferred them intravenously into mock-or WNVinfected recipients on day 6 after infection ( Fig. 3A) . This was followed immediately by separate intravenous infusion of PS-IMPs, PS-NPs, or vehicle only. As previously described (2), in vehicle-treated mice, adoptively transferred PKH26-labeled Ly6C hi FIM migrated into the WNV-infected brain, differentiating into macrophages (Fig. 3B ). This migration was significantly reduced by PS-IMP treatment (Fig. 3 , B and D; P < 0.001), with both fewer adoptively transferred PKH26 + cells and host FIM migrating into the WNV-infected brain (Fig. 3 , B and D; P < 0.001). The reduced trafficking of adoptively transferred cells into the infected brain by PS-IMP treatment correlated with a significant increase in PKH26-labeled FIM in the spleen (Fig. 3, C and E) . Furthermore, greater than 30% of these adoptively transferred cells had taken up FITC + PS-IMPs (Fig. 3C) . Together, the data clearly show that in the absence of IMPs, adoptively transferred FIM migrate to the WNVinfected brain, as we have previously described (2) . The introduction of IMPs to the circulation prevents this migration, instead resulting in accumulation of adoptively transferred FIM in the spleen.
IMPs inhibit peritoneal inflammation
Viral infection results in a complex array of immune responses involving numerous immune elements. To address the specificity of IMPs in a nonviral setting, we used a sodium thioglycollate (TG) peritoneal inflammation mouse model (Fig. 4A) . Immigration of leukocytes into the TG-inflamed peritoneum follows a stereotypical pattern, with neutrophils attracted within the first 4 to 18 hours, followed by the CCR2-dependent accumulation of FIM-derived macrophages from about 12 hours onward (31) . Infusion of either PS-IMPs (Fig. 4B) or PLGAIMPs, 24 hours after intraperitoneal TG injection, significantly reduced FIM trafficking into the site of inflammation (P < 0.001; Fig. 4B and fig. S2 , E and F). Similar to observations in WNV-infected animals, IMP treatment correlated with accumulation of FIM in the spleen of animals suffering TG-induced peritonitis (Fig. 4G) . The role of the spleen in IMP efficacy was addressed in splenectomized mice. Surprisingly, removal of the spleen resulted in complete abrogation of IMP efficacy in both WNV encephalitis and TG peritonitis mouse models, as determined by the similar number of FIM at the site of inflammation in splenectomized IMP-treated mice and splenectomized untreated control mice (Fig. 4, C and D) .
IMP efficacy is dependent on MARCO expression by FIM It has been shown that the spleen is an important organ for the removal of systemic debris, microparticles, and apoptotic cells via a scavenger receptor expressed by DCs, F4/80 + red pulp macrophages, sialic acid-binding immunoglobulin-type lectin-expressing (SIGLEC + ) metallophilic macrophages, and MARCO + marginal zone macrophages (32) (33) (34) (35) . With FITC-PS-IMPs, few IMPs were found to colocalize with CD11c + DCs ( Fig. 1C and fig. S3A ), F4/80-expressing red pulp macrophages, or SIGLEC-expressing metallophilic macrophages (Fig. 4E) . Instead, colocalization was found predominantly to occur with cell populations that expressed MARCO (indicated by the yellow color when green IMP staining and red MARCO staining are overlaid; Fig. 4E ). MARCO has been implicated in the binding of negatively charged microparticles and polystyrene nanoparticles to cells expressing this scavenger receptor (29, 35) . , animals (Fig. 4 , F and G). Furthermore, IMP uptake by FIM was significantly reduced in MARCO −/− mice ( Fig. 4H ; P < 0.05), as determined by the reduced number of IMP + FIM isolated from the spleens of MARCO −/− mice compared to wild-type controls (Fig. 4H ). As expected, no IMP uptake was observed in vehicle control wild-type or MARCO −/− animals ( Fig. 4H ). The data implicate MARCO in the uptake and efficacy of IMPs. However, it is important to determine whether FIM migrate in response to MARCO + marginal zone macrophages that have taken up IMPs or because inflammatory monocytes have taken up IMPs in the circulation. To directly address the role of marginal zone macrophages, these cells were deleted using clodronate liposomes (36) . With this method, it has been described that marginal zone macrophages and marginal zone metallophilic macrophages can be deleted for up to 6 to 8 days without affecting other splenic macrophage and DC populations (36) . We observed rapid deletion within 14 hours that lasted beyond 3 days ( fig. S3B ). Deletion of marginal zone macrophages using this method did not reduce the capacity of PS-IMPs to inhibit FIM migration into the TG-inflamed peritoneum (Fig. 4, I to K). Furthermore, this reduction was observed to correspond with accumulation of FIM in the spleen (Fig. 4K) . This was further confirmed in the WNV encephalitis model, with IMP treatment in clodronate-mediated marginal zone macrophage-depleted animals resulting in reduced FIM in the brain and increased FIM in the spleen (Fig. 4, L and M) . Together, the data suggest that IMP-induced monocyte accumulation is not a secondary response to IMP uptake by marginal zone macrophages, and are consistent with the possibility that FIM take up IMPs in a MARCOdependent fashion in the vasculature and subsequently traffic to the spleen. The rapid reduction of circulating FIM after IMP treatment potentially supports this hypothesis (Fig. 2G and fig. S2A ). Further support is provided by the fact that within the peripheral blood compartment, MARCO expression is limited to Ly6C hi /CD11b (Fig. 5, A and B) and the fact that this expression was not perturbed by clodronate liposome treatment ( fig. S3C ).
FIM undergo apoptosis in the spleen
We next investigated the fate of the FIM accumulating in the spleen. Scavenger receptor activation can trigger numerous intracellular signaling pathways, including those involved in macrophage cholesterol transport, immune tolerance induction, cellular differentiation, cytokine production, and apoptosis (33, 34, 37, 38) . MARCO, for example, plays a direct role in the apoptosis of macrophages after silica particle uptake (28) . In wild-type mice, IMP infusion resulted in significantly increased numbers of annexin V + FIM (Fig. 5 , C and D; P < 0.005). Annexin V binds to cell surface phosphatidylserine and is a marker of early apoptosis and also serves as a target for receptor-mediated removal of cellular debris from the circulation (39) (40) (41) . Furthermore, IMP treatment also resulted in increased caspase-3 + FIM ( Fig. 5E ; P < 0.001). Both annexin V + (P < 0.005) and caspase-3 + (P < 0.001) FIM were significantly reduced in IMP-treated MARCO-deficient mice (Fig. 5, D and E ). This occurred with IMPs derived from nonbiodegradable polystyrene (Fig. 5, C to E) . At the time point examined, apoptosis was predominantly found to be occurring in splenic IMP + FIM (Fig. 5, C to E) , with the percentage of IMP -FIM from the spleen or control IMP +/-lung macrophages observed to be much lower (Fig. 5F ). Together, these results show that IMPs induce apoptosis in FIM, potentially implicating a phosphatidylserine-mediated clearance pathway for circulating IMP + FIM (39-41).
IMP therapy inhibits FIM in experimental autoimmune encephalomyelitis
To address the potential for IMPs as a treatment in other disorders and to garner further mechanistic understanding, we also examined a number of unrelated inflammatory disease models. IMPs were tested in the noninfectious CNS inflammatory model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE). In EAE mice, circulating FIM differentiate predominantly into CD11c + DCs that promote T cell activation and epitope spreading (2, 3, 11, 42) . Daily intravenous infusion of biodegradable PLGA-IMPs over 10 days from the time of disease onset both ameliorated disease during treatment and was associated with a posttreatment period of 14 days devoid of symptoms (Fig. 6A) . For clinical translation, IMP treatment given at the initiation of relapse terminated symptoms of disease relapse, with treated mice showing reduced EAE scores (Fig. 6B) . Reduced disease scores in animals treated at onset correlated with reduced inflammation in the spinal cord, as determined by flow cytometry (Fig. 6 , C, D, and F), with the most marked reduction observed within the FIM-derived DC compartment (Fig. 6, D and F) . Similar to observations in animals suffering WNV encephalitis or peritonitis, the reduction in FIM in the CNS of EAE mice correlated with a significant accumulation of FIM in the spleen (Fig. 6 , E and F; P < 0.001).
IMP therapy reduces cardiac and kidney reperfusion injury
The pathologic effect of FIM is also found in other organs. Reducing immigration of FIM into the heart and kidney after myocardial infarction and transplantation is associated with reduced tissue pathology (10, (42) (43) (44) . Using a permanent left anterior descending artery occlusion model (45), we determined the impact of 3 days of PLGA-IMP treatment, initiated 12 hours after occlusion, by histopathology and immunohistochemistry 1 week after occlusion. One week after occlusion, vehicle-treated mice had a strong infiltration of monocytes into the myocardium, with up to 40% of the left ventricular wall involved (Fig. 6G) . IMP treatment significantly reduced the size of the inflammatory focus, reducing overall cardiac inflammation by 20 to 25% ( Fig. 6H ; P < 0.05). Furthermore, a significant reduction in CD68 + macrophage numbers within the infarct area was observed, with IMP treatment resulting in a 30% reduction in the number of CD68 + cells/mm 2 , relative to the vehicle-treated control (Fig. 6 , I and J; P < 0.05). This reduction again correlated with a significant increase in the number of FIM in the spleen (Fig. 6 , K and L; P < 0.001). Functional analysis in the complete occlusion model is not considered to be reflective of natural physiology. To determine whether IMP-mediated inhibition of FIM was associated with enhanced cardiac function after myocardial infarction, we performed echocardiography 30 days after mice had undergone temporary occlusion (45 min) of the left anterior descending artery followed by 3 days of IMP infusion initiated 12 hours after reperfusion (Fig. 6, M to O) . Strikingly, animals treated with IMPs showed enhanced cardiac function, as determined by increased ejection fractions (Fig. 6N ) and fraction shortening (Fig. 6O ) in comparison to control vehicle-treated mice. In parallel with these studies, we also examined the ability of IMP infusion to reduce ischemia-reperfusion injury in the kidney. Similar to the temporary cardiac occlusion, the renal artery was temporarily ligated for 45 min. IMP treatment was initiated immediately and continued for three consecutive days (Fig. 7A) . Relative to vehicle-treated mice, IMP treatment significantly enhanced serum creatinine clearance at days 1 (P < 0.001) and 5 (P < 0.005) after reperfusion (Fig. 7B) . This increase in kidney function in IMPtreated mice also correlated with reduced tubular atrophy (Fig. 7C) at these time points. Together, these data suggest that IMP-mediated FIM immigration inhibition reduced ischemia-reperfusion injury of the heart and kidney and may support organ recovery.
IMP therapy alleviates inflammatory bowel disease symptoms FIM have also been implicated in the pathology observed in inflammatory bowel disease (IBD) (46) . We therefore examined the ability of IMP therapy to inhibit FIM-mediated pathology in the dextran sodium sulfate (DSS)-induced colitis model of IBD (Fig. 7D) (46) . Relative to vehicle-treated controls, daily PS-IMP treatment resulted in significantly diminished IBD symptoms ( Fig. 7E ; P < 0.001), which correlated with reduced inflammatory monocyte migration into the colon. This was demonstrated by the reduced number of GR1 + cells with monocytic morphology in the mucosa and submucosa of PLGA-IMP-treated, but not vehicle-treated, animals (Fig. 7 , F and G; P < 0.001). IMP-induced reduction in FIM immigration into the gut was also associated with increased epithelial tissue repair and proliferation as determined by general histology and labeling with the proliferation marker Ki67 in PS-IMP-treated animals (Fig. 7 , H and I; P < 0.05).
DISCUSSION
This work demonstrates the ability of carboxylated microparticles to trigger alterations in the migratory behavior and function of circulating Ly6C hi FIM. We show that this interaction can be harnessed therapeutically to reduce FIM-mediated pathology and promote repair mechanisms in a number of unrelated disease models, including WNV encephalitis, multiple sclerosis, ulcerative colitis, kidney reperfusion injury, myocardial infarction, and peritonitis.
Important advances have been made in micromedicine research that have focused on the use of microparticles as drug carriers or as contrast agents for imaging purposes. Here, we extend their potential utility by showing that microparticles with negative surface charge characteristics are taken up by Ly6C hi blood FIM, which are consequently diverted to the spleen where they undergo apoptosis, thereby abrogating macrophage-mediated inflammatory activity in target tissues. Whereas opsonin-mediated clearance is one mechanism for microparticle removal, IMPs and other particles, such as silica and dextransuperparamagnetic ion oxide particles and some bacterial components (29, 47, 48) , are efficiently taken up through the scavenger receptor MARCO. Whereas the precise molecular interactions resulting in binding Flow cytometry data are means ± SD and represent three separate experiments with four to five mice per group. Cardiac infarction data are representative of two experiments with at least three mice per group. Image analysis was performed as described in Materials and Methods. Statistical analysis was conducted with unpaired, two-tailed Student's t test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, comparing PLGA-IMP and vehicle control group.
of IMPs to MARCO remain to be elucidated, MARCO contains a collagen-like domain characterized by a lysine positively charged at the e amino acid. Electrostatic interactions between these domains are important for particle uptake, with mutations in the collagen-like or cysteine-rich regions of MARCO impeding particle uptake (29) .
The precise role of apoptosis after IMP uptake remains ambiguous and requires further examination. However, IMP treatment results in a MARCO-dependent increase in annexin V + FIM in the spleen, indicative of the presence of phosphatidylserine flipped onto the external leaflet of the plasma membrane in these cells, which is an early marker of apoptosis. Indeed, phosphatidylserine mediates the splenic removal of senescing red blood cells and circulating cellular debris (39) (40) (41) . It is thus plausible that a similar phosphatidylserine-related mechanism mediates the sequestration of FIM in the spleen as a prelude to apoptosis of these cells. Phosphatidylserine flipping and other early apoptosis events, mediated in part by p53, are reversible if the apoptotic stimulus is removed within a reasonable time frame (49) . Hence, in the absence of a spleen, IMPs may still trigger FIM phosphatidylserine flipping. However, in the absence of the spleen, reversal of these p53-mediated apoptosis pathways may occur once IMPs have been processed by circulating monocytes. This hypothesis requires further investigation, but it may also help to address the differential apoptosis observed between PLGA-IMP treatment was tested after temporary renal artery occlusion (A) using serum creatinine (B) and tubular injury score (C) as functional measures at days 1 and 5 after reperfusion. (D) PS-IMP or vehicle control was also injected daily intravenously into mice with DSS-induced colitis or control (water vehicle) from day 1 to day 6 after disease induction. (E to G) Daily mean clinical scores (E) and GR1 + monocytes were enumerated at day 7 (F and G). (H) Mouse colon tissue was processed for immunohistology on day 9 of DSS challenge, and Ki67 + staining (brown) was performed on transverse colon sections. (I) Image analysis was conducted comparing DSS-induced colitis vehicle to PS-IMP. Renal artery occlusion and DSS-induced colitis data are representative of at least three experiments with at least 5 to 20 mice per group. Image analysis was performed as described in Materials and Methods. Statistical analysis was conducted with unpaired, two-tailed Student's t test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, comparing PLGA-IMP and vehicle control group.
IMP
+ macrophage populations in the spleen and the lung. Lung macrophages in IMP-treated mice did not show significant amounts of apoptosis relative to spleen FIM. Physiologically, lung macrophages are exposed to numerous nonpathological environmental particulates recognized by MARCO without undergoing apoptosis. This may be the result of differential macrophage subpopulation responses to IMP or the absence of particular apoptosis signals delivered within the spleen microenvironment that are not readily available in peripheral tissues like the lung. Furthermore, although it is known that the liver can also remove circulating phosphatidylserine-positive red blood cells (41) , in our studies the liver seems to be unable to compensate for the absence of the spleen. Thus, given the currently defined apoptotic cell clearance mechanisms (34, 38) and considering that FIM are evidently recruited to areas of inflammation as dispensable "foot soldiers" of the immune system that are quickly lost once reaching their tissue target, we propose that IMP internalization by FIM triggers the cascade of cellular and splenic mechanisms important not only for clearance of senescent blood cells but also for containment of potentially infectious or noxious substances.
Our data extend earlier findings highlighting a role for MARCO in apoptosis induction and cellular trafficking and strongly suggest that MARCO-mediated uptake and associated downstream signaling is a primary mechanism for IMP-induced FIM inhibition. The biochemical characteristics of the MARCO receptor likely explain the key difference observed between the outcome of positively charged and negatively charged microparticle infusion in vivo. Nevertheless, such multifarious roles, combined with the inherent functional redundancy in the scavenger receptor family (33, 37, 38, 48, (50) (51) (52) , justify a more detailed investigation of MARCO signaling pathways, as well as the potential contribution to the efficacy of IMP treatment of other scavenger receptors in this family.
IMPs are cleared rapidly from the circulation and spleen in treated rodents. However, the therapeutic effects of IMPs were seen to extend well beyond the final dose in animals suffering EAE. Furthermore, IMP treatment resulted in not only an immediate reduction in immune pathology in WNV-infected animals but also the development of long-term WNV-specific immunity. Together, it appears that acute modulation of FIM using IMPs may augment, or allow for the development of, other immune regulatory mechanisms that may otherwise be inhibited by the proinflammatory environment generated by FIM. This, as well as findings suggesting that IMPs may promote tissue regeneration in heart, kidney, and colon mouse models of disease, requires further examination. Note that the role of FIM is not defined for all disease conditions, and during translation, care should be used to avoid using IMPs in disorders where FIM are important for disease control or resolution.
In conclusion, safe and specific therapies inhibiting FIM migration and function have remained elusive, with clinical utilization of CCR2/CCL2 antagonists and anti-VLA-4 antibodies failing to provide specific, safe, and efficacious FIM inhibition (11, 18) . Chemokine redundancy and the ubiquitous expression of CCR2/CCL2 are barriers hampering the clinical application of CCR2/CCL2 antagonists; expression of VLA-4 on activated T cells and JC virus infection has limited potential clinical uses of anti-VLA-4 antibodies (53). Our results not only highlight the importance of microparticle-scavenger receptor interactions for FIM function but also indicate that IMP therapy may provide a specific, safe, and cost-effective tool for inhibiting FIMmediated pathology in a number of inflammatory conditions. However, there still remain important unresolved questions regarding the role of other scavenger receptors and the molecular processes through which IMPs interact with circulating FIM under laminar flow conditions. The availability of IMPs derived from the U.S. Food and Drug Administration-approved polymer, PLGA, which breaks down into acetic and glycolic acid within hours of infusion, and the recent discovery of human monocyte subsets expressing CCR2 + should enable accelerated clinical translation of these findings.
MATERIALS AND METHODS

Study design
This study was designed to test the hypothesis that negatively charged microparticles, defined as IMPs, bind to circulating inflammatory monocytes, subsequently directing them to the spleen where they undergo programmed cell death. Furthermore, the safety and mechanism of action of IMPs were tested in numerous inflammatory disease models where inflammatory monocytes have been implicated in pathology. Flow cytometry (both intracellular and cell surface labeling), high-speed cell sorting, histology, immunohistochemistry, liquid chromatography-mass spectrometry (LC-MS), and disease models affecting numerous organ systems were used. More specifically, with a mouse model of WNV encephalitis, initial experiments examined important particle characteristics, including charge and dose volume. IMPinduced changes in monocyte trafficking were examined with adoptive transfer techniques. The induction of apoptosis and the role of the scavenger receptor MARCO were examined with flow cytometry and mice deficient in MARCO. The disease models examined included mouse models of WNV encephalitis, EAE, TG peritonitis, DSS-induced colitis, and cardiac and kidney ischemia-reperfusion models. Sample sizes were predetermined on the basis of previous experience using at minimum three groups of mice, and all experiments were replicated at least twice to confirm findings. Statistical analyses were conducted with a two-tailed t test or one-way ANOVA as described below. Mice were randomly assigned to treatment groups, and where possible, treatment groups were blinded until statistical analysis. No animals or potential outliers were excluded from the data sets presented in this study.
Mice
For WNV and IBD studies, 8-week-old female C57BL/6 mice were obtained from the Animal Resources Centre (ARC) (Western Australia, Australia). All procedures were performed with permission of the University of Sydney Animal Ethics Committee. For EAE studies, 8-week-old female SJL/J mice were obtained from Harlan Laboratories. For TG studies, 8-week-old female BALB/c mice were obtained from the National Cancer Institute (Bethesda, MD), or 8-week-old female C57BL/6 mice were obtained from ARC. MARCO −/− animals on the BALB/c background were provided by L. Kobzik (Harvard University, Boston, MA). For cardiac inflammation studies, 12-week-old male C57BL/6 mice were purchased from The Jackson Laboratory. All procedures were performed with permission from the Northwestern University Institutional Animal Care and Use Committee. All animals were housed under specific pathogenfree conditions with food and water provided ad libitum.
WNV infection WNV (Sarafend) was derived from the brains of neonatal mice and propagated in Vero cell cultures as described previously (2, 24) . WNV infection was conducted in C57BL/6 animals as previously described (2, 24) . Mice were intranasally infected with 6 × 10 4 or 6 × 10 3 PFU of WNV in 10 ml of sterile PBS (Invitrogen). Mock infections were conducted with sterile PBS only. After infection, mice were weighed daily.
TG-induced peritonitis
Peritonitis was induced by intraperitoneal injection of 1 ml of a 4% (w/v) TG broth prepared in sterile water (Sigma-Aldrich). Leukocytes were isolated at defined time points by intraperitoneal lavage (wash) with ice-cold 0.05 mM EDTA-PBS solution.
EAE induction PLP 139-151 (HSLGKWLGHPDKF) peptide-induced EAE was induced in SJL/J mice as previously reported (34) . Individual animals were observed daily, and clinical scores were assessed in a blinded fashion on a 0 to 5 scale as follows: 0, no abnormality; 1, limp tail or hindlimb weakness; 2, limp tail and hindlimb weakness; 3, hindlimb paralysis; 4, hind limp paralysis and forelimb weakness; and 5, moribund. These data are reported as mean clinical scores. Paralyzed animals were afforded easier access to food and water.
Cardiac infarction and ischemia-reperfusion injury
Myocardial infarction was conducted in C57BL/6 mice. The left anterior descending artery was permanently or temporarily (45 min) occluded surgically, as previously described (45) .
Inflammatory bowel disease induction
The DSS-induced colitis model of IBD was induced as previously described (54) . DSS (molecular weight, 36,000 to 44,000 daltons; ICN Biomedicals) [2.5% (w/v)] dissolved in tap water was administered ad libitum for nine consecutive days (46) . Control groups received tap water only during this time. Body weight and clinical assessments were measured daily. Percentage body weight loss was calculated as follows: (mean weight at day 9/weight on day 0) × 100. After body weight measurements, mice were examined for clinical parameters, including mobility and gait, vocalizations, group interactions, and grooming. Each parameter was scored a value between 0 and 2, where a total value of 0 to 1 represents normal, 2 to 4 mild, 5 to 7 moderate, and 8 to 10 severe (46) . Fecal assessment was measured daily where possible. Scores were given for fecal consistency, hematochezia, and rectal bleeding. A total value between 0 and 6 reflected the fecal score, where a value of 0 represents feces of normal appearance and a value of 6 represents severe diarrhea, rectal bleeding, and presence of blood in stools.
Kidney ischemia-reperfusion model Induction of kidney ischemia-reperfusion injury was as previously described (55) (56) (57) . Briefly, with a midline abdominal incision, both renal pedicles were clamped for 45 min with microaneurysm clamps. During the period of ischemia, body temperature was maintained by placing the mice on a 32°C heat pad. After removal of the clamps, the kidneys were inspected for 1 min for restoration of blood flow, returning to their original color. The abdomen was closed. Sham-operated mice received identical surgical procedures except that microaneurysm clamps were not applied. To maintain fluid balance, we supplemented all mice with 1 ml of saline administered subcutaneously. Mice were sacrificed 1 and 5 days after reperfusion (n = 5 to 7 per group). Blood was collected, and kidney tissues were fixed in 10% neutral buffered formalin. Serum creatinine was used as a measure of kidney function with the modified Jaffe rate reaction by the Biochemistry Department of The Royal Prince Alfred Hospital, Sydney, Australia.
Intravenous delivery of microparticles FITC or bright blue Fluoresbrite neutral and carboxylated PS-NPs (500 nm in diameter) were obtained from Polysciences. FITC PLGA and FITC polystyrene neutral, carboxylated, and aminated microparticles (500 nm in diameter) were made to specification by Phosphorex or Polysciences. Carboxylated 500-nm microdiamonds were generated at Macquarie University or Sydney University (New South Wales, Australia). Microparticles were diluted to the indicated concentration in sterile PBS, and 200 ml was injected intravenously as indicated. Specific particle properties are defined in table S1. For opsonization experiments, particles were incubated at 37°C with plasma isolated from mock-or WNV-infected mice.
Flow cytometry
Mice were anesthetized, blood was collected, and animals were perfused with 50 ml of sterile PBS. Spleen, brain, bone marrow, and peritoneal fluid were isolated and processed into single-cell suspensions as previously described (2) . Cells were incubated with anti-CD16/32, and live cells were counted with trypan blue exclusion, which routinely showed >95% viability. Multiparametric flow cytometry was used. Cells were then incubated with fluorescently labeled antibodies against CD45. Viable populations were gated by forward and side scatter, and identified fluorescent populations were determined by forward gating thereafter. Acquired FACS data files were analyzed with FlowJo (Tree Star Inc.). Quantification of cell populations of interest was calculated on the basis of flow cytometry percentages at analysis and absolute cell counts from each organ.
Adoptive transfer
As previously described (2), the bone marrow of WNV-infected animals was processed into single-cell suspensions on day 6 after infection and incubated with fluorescently labeled antibodies against CD11b, Ly6C, and Ly6G. CD11b -FIM were sorted on a FACSAria with the FACSDiva program (Becton Dickinson), with stringencies set to achieve >98% purity. Cells were then labeled with the fluorescent membrane dye PKH26 (Invitrogen) according to the manufacturer's instructions. Matched mock-and WNV-infected recipients were intravenously injected with 2.0 × 10 6 sorted Ly6C hi FIM on day 6 after infection, delivered in 200 ml of PBS. Brain and spleens were isolated from recipients on day 7 after infection (24 hours after transfer) and processed for flow cytometry, as described above.
Histology and immunohistochemistry
Mice were anesthetized and perfused with 50 ml of sterile PBS. With the exception of the heart and intestines, which were processed into paraffin blocks, all organs were isolated and snap-frozen in optimum cutting temperature (OCT) compound (Tissue-Tek). Tissue sections (8 mm) were cut on a cryostat microtome, air-dried overnight, and then stored at −80°C until required. Frozen sections were thawed, and histology (standard hematoxylin and eosin staining) or immunohistochemistry was performed as previously described (2) . Before staining heart and intestine sections, proteinase K treatment or citrate buffer microwave antigen retrieval was conducted, as previously described (2) . Spleen, brain, and heart sections were incubated with biotinylated antibodies against CD11c (eBioscience), CD11b (eBioscience), F4/80 (R&D Systems), MARCO (R&D Systems), SIGN-R (R&D Systems), SIGLEC-1 (R&D Systems), CD68 (Abcam), or biotinylated Griffonia simplicifolia Lectin (Sigma-Aldrich), followed by secondary staining with streptavidin Alexa Fluor 594 or Alexa Fluor 488 (Life Technologies). The nuclear counterstain DAPI was then applied (Vector Laboratories). Sections of intestine were stained with biotinylated GR1 (BioLegend) or Ki67 (Abcam), followed by amplification with a tyramide signal amplification kit (Perkin Elmer) and staining with the chromogen diaminobenzidine (Vector Laboratories). Slides were then counterstained with hematoxylin. Images were acquired on an Olympus BX-51 microscope with a DP-70 camera and DP manager 2.2.1 software (Olympus).
Marginal zone macrophage deletion
Clodronate-loaded liposomes (provided by N. Van Roijen) were used as previously described (2, 35) to deplete marginal zone macrophages. PBS-loaded liposomes were used as a nondepleting control.
Statistics
Graphs were made and statistical analyses were performed in GraphPad Prism (GraphPad Software). To compare two samples, we conducted an unpaired, two-tailed Student's t test. To compare three or more samples, we performed a one-way ANOVA with a Tukey-Kramer post-test. For survival data, the Mantel-Haenszel log-rank test was conducted. For these tests, P ≤ 0.05 (*) was deemed significant, P ≤ 0.01 (**) very significant, and P ≤ 0.001 (***) extremely significant.
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